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ABSTRACT
MODELING DESORPTION KINETICS IN SOILS COLUMNS
By

Irfan Aslam

The influence of desorption resistance on desorption kinetics exhibited by sorbed
organic contaminants was investigated due to its importance in remediation.
Experimental and mathematical tools were used to evaluate the effect of partial
reversibility of the sorption process. Kinetic parameters in batch and column experiments
were compared to assess the relative importance of differential sorption and desorption.
Three natural sandy soils, which included two surface soils and one of an aquifer origin,
were selected as natural sorbents. Naphthalene was used as a representative hydrophobic
organic compound (HOC) due to its higher solubility and lower hydrophobicity
compared to other 16 polycyclic aromatic hydrocarbons (PAHs) included in EPA’s list of
priority pollutants. A series of batch and column experiments using different techniques

were conducted with equilibration time as a primary variable.

This study provides an improved understanding of desorption kinetics in batch and
column systems. The results support the hypothesis for the existence of three desorption
regimes in columns for a soil-contaminant combination, given that the same
observational regimes exist in batch systems. The results also indicate that packing the
aggregate material in soil columns limits desorption as a result of an increase in diffusion
path lengths, which causes a greater fraction of the soil matrix to behave in a rate-limited

mode.



The experimental evidence also suggests that a small fraction of contaminant
becomes desorption resistant immediately on contact with the solid phase. An increase in
the soil-contaminant contact time results in a significant shift of contaminant from the
rate-limited domain to the desorption-resistant domain. However, the effect of contact
time on desorption rate coefficients, which describe desorption from the rate-limited

domain, is not significant.

Application of mathematical models to describe desorption in batch and column
systems confirmed the importance of representing observational regimes with a
compatible mathematical description for improved predictions and highlights the need for
models based on time-independent parameters. This study also reveals that an increase in
the number of fitting parameters other than the minimum required to represent the

observational regimes is not justified.
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CHAPTER1
INTRODUCTION AND OBJECTIVES

1.1 Introduction

A variety of anthropogenic activities worldwide are responsible for the leaching
of organic chemicals into the soil, which are cause for concern and are the focus of
remediation efforts. In the past, the fate and transport of these chemicals in the subsurface
environment has been extensively researched. These studies range in scope from
analyzing the behavior of chemicals in simple lab-scale batch systems to field-scale
remediation designs employing state-of-the-art technologies.

Contaminants are typically retarded relative to water during subsurface transport.
A continuous sampling of contaminants often shows skewed breakthrough curves (BTCs)
with pronounced tailing. This non-ideal behavior is attributed to the presence of
nonequilibrium that may be sorption-related or transport-related. Batch and column
studies are normally conducted either concurrently or in isolation to develop an
understanding of processes governing the fate and transport of contaminants. The
knowledge gained through these studies is useful for protection of ground water resources
or in designing remediation strategies for contaminated sites.

Traditionally, the soil matrix to which the contaminants sorb, is believed to be
comprised of two different domains i.e., an equilibrium domain and a kinetic/rate-limited
domain. Sorption and desorption behavior of organic contaminants in soils has been
characterized based on this dual domain conceptualization for a wide range of soil-
contaminant combinations. The soils include low organic-carbon aquifer materials as

well as high organic-carbon surface soils while the contaminants include organic as well



as inorganic chemicals. Recent research, however, provides evidence for the existence of
a third domain, commonly referred to as the non-desorption or desorption-resistant
domain (Connaughten et al., 1993; Park, 2000; Park et al., 2003; Park et al., 2001). It is
generally believed that the fraction of the contaminant sorbed to non-desorption domain
either does not desorb at all or desorbs at a very slow rate, which is insignificant
compared to the time scales of most lab studies. These batch studies have focused on
quantifying the desorption-resistant fraction of the soil matrix and desorption rates.

Desorption resistance, however, has not received due attention in saturated
column studies, which represent an environment closer to subsurface flow in the
saturated zone. In fact, there are only a limited number of studies that have systematically
tried to address this aspect. A comprehensive understanding of desorption-resistance in
transport studies is important from a remediation perspective. The focus of remediation
efforts is also shifting towards in-situ bio-remediation, which is believed to be a cost
effective method with a potential to completely mineralize organic chemicals.
Traditionally, bioremediation efforts have been based on the assumption that a
contaminant can be degraded biologically in the liquid-phase only. Recently, evidence of
sorbed-phase biodegradation has been obtained in some studies (Guerin and Boyd, 1992)
and further research in this area is underway. It is therefore essential to explore

desorption-resistance in flow-through systems.



1.2 Research Objectives

The overall objective of this research was to study the effect of irreversible
sorption on contaminant transport under saturated conditions in natural soils. In order to
do a systematic evaluation, we set forth three main objectives. Experiments were
specifically designed to address each of these objectives. A brief description is provided
in the following paragraphs. The details of the experimental design and methods of
analysis to address each objective have been documented in a separate chapter in this
dissertation.

The first specific objective (Chapter 3) was to verify, experimentally, the
existence of three desorption regimes i.e., an instantaneous regime, a rate-limited regime
and a very slow regime (irreversible relative to the experimental time scale) in the
column experiments. This was achieved by designing rate studies in batch and column
systems coupled with solvent extractions at the end of desorption to quantify the non-
desorbable contaminant mass. Based on the experimental observations in batch and
column systems, the existing dual-domain mathematical model for contaminant transport
(Van Genuchten and Wagenet, 1989) was modified to account for irreversible sorption by
incorporating a non-desorption domain. Naphthalene desorption from soil columns was
analyzed using the existing two-site model and the proposed three-site model.
Conclusions about difference in batch and column systems could also be drawn based on
the comparison of desorption in batch and column systems and using a three-regime
model for both systems.

The second objective (Chapter 4) was to evaluate the effects of soil-contaminant

contact time, commonly referred to as “aging”, on desorption in batch and column



systems. The experiments were conducted employing differentially-aged soils and to
evaluate the effect of soil-contaminant contact time on desorption in batch and column
systems.

The third objective (chapter 5) was to study the effects of column residence time
on sorption nonequilibrium because of its analogy to soil-contaminant contact time i.e.,
aging. In this study, column experiments were conducted over a range of pore-water
velocities resulting in different soil-contaminant contact time. For data analysis, a variety
of mathematical formulations were employed to model the observed breakthrough
curves. This evaluation made it possible to ascertain the best mathematical approach to
describe the combined sorption/desorption behavior in soil columns for organic
contaminants, which are likely to exhibit significant desorption resistance. The developed
model can prove to be an effective tool in evaluating the effect of irreversible sorption on
natural attenuation of organic contaminants with a prior knowledge of kinetic parameters.

Chapter 6 is a summary of the complete work with important conclusions and

recommendations for future research pertaining to desorption in soil columns.
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CHAPTER 2
LITERATURE REVIEW

2.1 Review of sorption process

The word sorption carries the meaning of a chemical’s association with the solid
phase and encompasses both adsorption onto a two-dimensional surface or absorption
into a three-dimensional matrix (Schawarzenbach et al., 1993). The sorption distribution

coefficient K ; is usually measured by developing sorption isotherms, which involve

mixing a certain amount of soil with an aqueous solution containing the target compound.
The isotherms are typically linear at low aqueous concentrations, but have been reported
to exhibit nonlinearity at high concentrations (Means et al., 1980; Schawarzenbach and
Westall, 1981). The linearity of partitioning coefficients in hydrophobic organic

compounds (HOCs) at low concentrations is assumed to be due to constant activity
coefficients in sufficiently dilute systems, which have been proposed as < 107°M

(Karichoff et al., 1983) and equal to 107°M (Chiou et al., 1979). Other than aqueous
concentrations, the factors that are known to affect partitioning include soil-to-water ratio

and mixing conditions. Decrease in K; with an increase in soil-to-water ratio has also

been reported. Voice et al. (1983) reported that rapid mixing in batch results in

substantial soil abrasion and can create active sorption sites, while Maraqa et al. (1998)

argued that mixing conditions do not influence the ultimate sorptive capacity of the soil.
The Freundlich and the Langmuir models are normally used to describe

nonlinearity in sorption isotherms. The Freundlich model is based on the assumption that



the number of sorption sites is large relative to the number of contaminant molecules and
is mathematically described by:

S=KpC" 2-1)

where S is the solid-phase concentration (ug/Kg), C is the aqueous concentration (ug/L),

K - is the Freundlich coefficient (mL/g) and n is the exponent that describes nonlinearity.

In the Langmuir model, sorption increases linearly with increasing aqueous concentration
at lower concentrations; however, the sorbed-phase concentration approaches a constant
value at higher concentrations due to a limited number of sorption sites in the soil matrix.

The mathematical form of the Langmuir model is:

g ke

= 2-2
1+KLC ( )

where K is the Langmuir coefficient (mL/g) and b is the maximum sorbed-phase

concentration (pg/Kg).

2.1.1 Sorption mechanisms

Two distinct mechanisms are widely accepted to explain sorption i.e., adsorption
onto a two-dimensional mineral surface or hydrophobic partitioning to soil organic matter
(SOM) (Mingelgrin and Gerstl, 1983). Predominance of either of these mechanisms is
believed to depend on the conditions existing in the system. Sorption to the mineral
surfaces is typically considered to be a surface phenomenon, which is nonlinear and
competitive in nature (Chiou et al., 1979). It is also considered as a charge-driven
phenomenon that depends on the charge of the mineral surface, which can be either
positively or negatively charged depending on the solution composition and pH. The
surface charge affects the sorption of polar and ionic organic chemicals (Laird and

Fleming, 1999).



In natural soils, the main sorbent for nonionic organic chemicals is the naturally
occurring organic matter, which is conceptualized as a mesh of macromolecules with
physico-chemical properties similar to that of a polymer (Altfelder, 2000). Sorption of
chemicals to SOM is known to follow a partitioning that is linear and non-competitive
(Chiou et al., 1979). The organic-rich domains provide a thermodynamically favorable
environment for non-polar organic compounds compared to water, such that in the
presence of an organic matrix, the organic solutes will be driven from the aqueous phase
and concentrate in the organic phase (Chiou et al., 1979; Chiou and Schmedding, 1983).
The driving force for sorption is the hydrophobic effect resulting in a free energy gain
during diffusion from water to the sorbent. Weber and Huang (1996) proposed two
domains within SOM with different physico-chemical properties i.e., an outer “rubbery”
domain, which exhibits linear sorption, and an inner “glassy”” domain with a nonlinear
sorption. Two distinct stages of sorption due to SOM heterogeneity have also been
postulated (Pignatello, 1998; Pignatello and Xing, 1996) i.e., a fast stage with an
equilibration time of hours and a slow stage extending to weeks, months or years. For a
dominant organic partitioning, the sorption distribution coefficient is usually normalized
by the fraction of organic carbon.

K4 = focKoc (2-3)

where K. is the organic carbon partitioning coefficient and f,,. is the mass fraction of the
organic carbon. K, has been successfully correlated with other solute properties, most
notably with octanol-water partitioning coefficient (X,,, ) , which is a quantitative

measure for the degree of hydrophobicity of the solute in question. The correlation of

K,-and K, is given by:



Log(K,.)= ALog(K,,)+B (2-4)

where A and B are the empirical regression coefficients. A compilation of these

regressions from relevant literature has been reported by Ball (1989). K, values are

sometimes normalized by the fraction of organic carbon in SOM using the relation:

Kom = Kocfoc/ om (2-5)

where K ,,,, is the organic matter partitioning coefficient and f,.,,p, is the fraction of

organic carbon in SOM. Chiou (1989) proposed the following relation to estimate the

contaminant solubility in SOM (S,,,) if K,,,, and water solubility (S,,) are known:

Som = KomSw (2-6)

2.1.2 Effect of dissolved organic matter (DOM) on sorption

Dissolved organic matter is present in most surface waters and contains up to 90%
of the humic substances. A change in DQM concentration is likely to cause
reorganization in the macromolecular structure of dissolved humic substances, which is
probably responsible for the alteration of their association capacity with HOCs (Akkanen
and Kukkonen, 2003). The quality and variations of DOM can affect desorption and
subsequently biodegradation. Plachn et al. (1999) studied tﬁe impact of DOM on
desorption and mineralization rates of naphthalene using DOM extracted from high
organic soils as well as prepared from commercially available fulvic acid reference
standards. The authors found that neither the partitioning of naphthalene nor the
desorption rate was affected by the presence of DOM. They caution however, that
although not apparent in their data, the effects of DOM on the mechanisms of desorption

and biodegradation may be important for other contaminant-soil-organism combinations.



2.2 Modeling sorption kinetics in batch systems

Sorption has been typically modeled as biphasic. In a dual-domain
conceptualization, the sorbent is assumed to consist of two separate domains i.c., an
equilibrium domain and a rate-limited domain. In the equilibrium domain, the sorption is
fast compared to the duration of experiment. Therefore the assumption of equilibrium is
considered valid. The mass transfer between the aqueous phase and the rate-limited
domain is driven by the concentration gradient. Mathematically, the solid-phase

concentration in the two domains is represented by:

Seq = feqKaC 2-7)
oS
a—':eq=a[(l"feq)ch_Sneq] (2.8)

where C is the concentration in the liquid-phase (ug/L), Seq and S, are the sorbed-phase

concentrations (pug/Kg) in the equilibrium domain and rate-limited domains respectively,

feq is the fraction of sorption sites that undergo instantaneous sorption and « is the

. . -1 . gey e C g .
sorption rate coefficient (hour ). Replacing the equilibrium distribution coefficient

K 4 with a Freundlich distribution coefficient K ¢ or the Langmuir coefficient X; with

necessary mathematical adjustments accounts for the effects of nonlinear sorption.

2.3 Modeling desorption kinetics in batch systems

Desorption is kinetically controlled by either release from surface sorption sites or
by diffusion through the sorbent to water (Van Noort et al., 2003). A variety of
mathematical models have been proposed to describe désorption based on different
conceptualizations of the desorption process. These models include chemical site models

i.e., the two-site model (Rao et al., 1979; Van Genuchten and Wagenet, 1989) and the

10



three-site model (Park, 2000; Park et al., 2001; Park et al., 2002), two and three-
parameter pore diffusion models (Johnson et al., 2001), three-parameter kinetic model
(Comelissen et al., 1998a; Cornelissen et al., 1998b), five-parameter kinetic model
(Comelissen et al., 1998a; Comelissen et al., 1997), gamma-distribution model
(Connaughten et al., 1993) and hybrid gamma model (Ahn et al., 1999). Each of these

models is briefly described in the following paragraphs.

2.3.1 Chemical site models

A two-site desorption model for the batch systems assumes that soil matrix has two
types of desorption sites i.e., equilibrium and nonequilibrium/rate-limited sites. Equations
2-7 and 2-8 describe desorption based on a two-site conceptualization. In a three-site
desorption model (Park, 2000), the soil matrix has three types of desorption sites i.e.,
equilibrium, nonequilibrium/rate-limited and nondesorption sites. The equilibrium and
nondesorption partitioning in the model are described by:

Seq = SeqKdCues (2-9)

Snd = fndKa Ce(sorp) (2-10)

while the release from the rate-limited sites follows the first-order expression:

ds,
;teq = a[fnqudCdes _Sneq:l (2-11)
where S, , Syq and S, are the sorbed-phase concentrations in equilibrium, rate-limited

and nondesorption sites respectively, C . is the liquid-phase concentration in the

desorption assay, C,(sorp) is the liquid-phase concentration at sorption equilibrium,
Jfeqs fneq @nd fq are the equilibrium, rate-limited/kinetic and nondesorption site fractions

and a is the first order desorption rate coefficient for the rate-limited sites. In the two- and
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the three-site models, the solute exchange between the aqueous and solid phases is

described by a driving force formulation based on the linear distribution coefficient K ; .

2.3.2 Kinetic models

The kinetic models viz., three- and five-parameter kinetic models use only kinetic
rate coefficients to describe desorption from each domain. A three-parameter kinetic
model assumes that the soil matrix is divided into two domains i.e., a rapid desorption
domain that exhibits rapid desorption and a slow desorption domain, for which, the
desorption occurs at slower rates compared to the rapid domain. The mathematical

formulation of the three-parameter kinetic model is as follows:

ds
—r=-4,5, (@-12)
ds
—r=-aS, (2-13)
Sp =S5, +5, (2-14)
£+ f =1 (2-15)

A five-parameter kinetic model accounts for very slow desorption and is based on

following set of equations:

% =-a,S, (2-16)
as

Tts =—a S 2-17)
ds

d:s ==, S5 (2-18)
Sp =Sy +85+Sys (2-19)
Sr+fs+fis=1 (2-20)
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In the kinetic models, S is the sorbed-phase concentration (ug/Kg), @ is a desorption

. -1 .. .
rate coefficient (hour ') and f represents the domain size. The subscripts 7, s and vs
denote rapid, slow and very slow desorption.

2.3.3 Distributed-rate models

A gamma-distribution model assumes the entire soil matrix divided into a series of
compartments. Associated with each compartment is a different desorption rate
coefficient that follows the gamma distribution. The time rate of change in sorbed-phase

concentration is described by:

dsy _° kel pre Pl
=L = [-ky(S; - K4C)———dk; 2-21
dt 6[ 1( i d ) r(a) i ( )

where £ is the desorption rate coefficient for the i th compartment, @ and S are the two

parameters the for gamma distribution and I' is the gamma function. Similar to the
chemical two-site model, the hybrid gamma-distribution model assumes the soil matrix is
comprised of two domains, i.e., an equilibrium domain and a rate-limited domain. The
rate-limited domain is modeled in the same manner as the gamma-distribution model
while the equilibrium domain is treated similar to that of the chemical two-site model.
The following set of equations is used to represent desorption in a hybrid gamma-

distribution model:

Seq = fogKaC (2-22)

ds © a-1pa - Pk

—20 = [—ki(S; - K4C) M he™ n (2-23)
-, (@)

St = Seq + Sneq (2-24)
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2.3.4 Pore diffusion models

One, two and three-parameter pore diffusion models are also based on a
conceptualization of one, two and three domains respectively. However, the desorption
from the rate-limited domain is described by using a formulation based on Fick’s law
which accounts for a specific geometry of the porous medium. For spherical geometry,

the equations for the three-parameter pore diffusion model are:

2
OSneq =D 9 Sneq +—2-6S"eq (2-25)
ot arz r or
Sr= Seq + S,,eq +Spd (2-26)

where D is the pore diffusion coefficient (cm2/hour) and r is the radial distance (cm).

Some of these models (i.e., the chemical three-site model, the three-parameter pore
diffusion model and the five-parameter kinetic model) explicitly account for the non-
desorbable fraction. There are advantages and disadvantages to each of these models and
it is difficult to designate any model as the best. Ahn et al. (1999) applied the two-
site/two-region model and the gamma-distribution model to describe naphthalene
desorption and found that the two-site model failed to capture the slow desorption while
the gamma- distribution model was unable to describe the initial rapid release. Similarly,
Culver et al. (1997) pointed out that the performance of the two-site model was very

sensitive to the value of K;, while the performance of distributed-rate models was robust

over a wide range of partitioning coefficients. Saffron (2005) applied nine different
models to previously reported naphthalene and atrazine desorption data and concluded

that overall the three-regime models better describe the desorption of the two
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contaminants than the two-regime models do. Johnson et al. (2001) also reached a similar

conclusion while testing six models to describe phenanthrene desorption.

2.4 Sorption/desorption in contaminant transport models

Flow through porous media has been investigated by conducting column studies,
which have been useful in characterizing the processes affecting the fate and transport of
contaminants. These processes include dispersion, diffusion, sorption, ion-exchange etc.
Many conceptualizations of the porous media and the corresponding mathematical
formulations exist €.g., the capillary tube model, the cell model and statistical models.
However it has always been simplified in a manner so as to treat all these processes at a
macroscopic scale rather than microscopic due to computational limitations and

mathematical complexities.

2.4.1 Equilibrium transport in porous media

An example of the simplifications mentioned above is the convection-dispersion
equation (CDE). For flow through a non-aggregated homogeneous porous medium under

saturated conditions, the transport of a solute is described by:

2
§§-+£§=D£—v£ (2-27)
ot 6 ot ax? ox
where C is the solute concentration in liquid phase (ug/L), S is the concentration in

sorbed phase (ug/Kg), D is the hydrodynamic dispersion coefficient (cmz/hr), p is the

. . 3, . 3, 3 .
soil density (g/cm™), @is the saturated porosity (cm /cm"), v is the average pore-water

velocity (cm/hr), x is distance along the direction of flow (cm), and ¢ is time (hr). The

CDE is referred to as the equilibrium model if the condition of local equilibrium is
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assumed between the two phases. In that case, the governing equation for the solute

transport becomes:

ac _d*Cc ac
R&E-p%>-_,%& 2-28
ot o2 Y ox ( )

whereR =1+ % . The equilibrium model is based on the local equilibrium assumption

(LEA), which considers the sorption rates to be faster compared to other processes such
as advection and dispersion. The equation representing the solute transport is simplified
with this assumption, as only the mobile pore water needs to be explicitly considered and
the sorbed-phase concentration can be defined in terms of the aqueous concentration at
each spatial location in the porous medium (Ball, 1989). If the LEA is valid, the
breakthrough curves for column experiments employing the nonionic organic
contaminants, which are hydrophobic, should exhibit symmetrical BTCs. On the
contrary, the observed BTCs in most lab and field studies exhibit asymmetry and tailing.
This provided a motivation for the researchers to hypothesize and test alternative
mechanisms responsible for asymmetrical behavior and to lay down the criteria for the
validity of the LEA.

A measure of the relative importance of kinetic to equilibrium processes is the
Damkéhler number, which is defined as the ratio of the transport and reaction time scales.
The Damkéhler number has traditionally been used to assess the validity of the LEA. It
has been shown that LEA is generally valid when the Damké&hler number is greater than
100 (Valocchi, 1985) and is considered to be a fair approximation when its value is
greater than 10 (Brusseau and Rao, 1989a). In most cases however, the condition is not

met, which warrants the use of a nonequilibrium model rather than relying on the LEA-
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based equilibrium model. Brusseau et al. (1991b) found via sensitivity analysis of a
bicontinum model that the leftward shift of the BTC is minimal when the Damké&hler
number is in the range of approximately 4 or greater, and hence the nonequilibrium
should have a minimal effect on the determination of the retardation factor (R) when
these conditions are met. In a separate study by Maraqa et al. (1999) the LEA was found

to be invalid at a very low pore-water velocity of 0.7 cm/hr.

2.4.2 Nonequilibrium transport in porous media

Nonequilibrium in contaminant transport through a porous medium is viewed to
exist due to processes that are either sorption-related or transport-related. Transport-
related nonequilibrium (also referred to as physical nonequilibrium) is assumed to exist
due to entrapment of a fraction of the mobile phase in the pores that are isolated from the
main flow, while sorption-related nonequilibrium is due to sorptive interactions of the
solute with a dual-property matrix, in which the sorption is instantaneous for one fraction
while it is rate-limited for the other.

2.4.2.1 Transport-related nonequilibrium

Transport-related nonequilibrium results from slow solute diffusion into and out of
relatively stagnant water regions, which might be created by the nature of the porous
matrix e.g., a higher degree of aggregation or a level of saturation that is less than fully
saturated. Under these conditions, the total water content is assumed to be distributed
between two regions i.c., a mobile region and an immobile region (Coats and Smith,
1964; Van Genuchten and Wierenga, 1976). The solute transfer between the mobile water
region (instantaneous sorption domain) and the immobile water region (rate-limited

sorption domain) can be described by Fick’s law if the geometry of the porous medium
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can be specified. But as the models based on geometry are difficult to apply in the field,
the solute transfer between the mobile and immobile water regions have been mostly
described using first order rate expressions. The model based on this conceptualization of
a transport-related nonequilibrium is also referred to as the two-region nonequilibrium
model or mobile-immobile model (MIM). The mathematical formulation of the MIM

(Van Genuchten and Wierenga, 1976) is given as:

2
6, + prd)% =6,,D,, OCm -Jy, OCm -a(Cpy = Cim) (2-29)
ot o2 Ox
oC;
[6m + (= N)PK 4] =" = a(Cp = Cim) (2-30)

where the subscripts m and im refer to the mobile and immobile liquid regions

respectively, J,, =v0 =v,,6,, is the volumetric flux density (cm/hr), f represents the
fraction of sorption sites that equilibrate with the liquid phase in the mobile region and &

. . -1 .
is the first order mass transfer coefficient (hr ) governing the rate of solute exchange

between the mobile and immobile liquid regions. Here 6 = 6,, + 6,,, . Normalized

equations for the two-region nonequilibrium model for a linear sorption case are:

oc _13%*¢ oG

R—L= -o(C,-C 2-31
PRt~ Par a2 W™D @30
aC
(l—ﬂ)RFTl=w(C1 -Cy) (2.32)
where
c =Cm CZ-C"" 7 X p Y p_Yml VL
'7c,” c,’" L "L D, D
R=1 K, ,3-0”‘+pr" and o al
6’ 0+ pK, v
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where C; and C, are the normalized average relative concentrations in the mobile and
immobile water regions respectively. P is the Peclet number for the mobile zone, D,, is

the dispersion coefficient in the mobile zone and @ is the dimensionless mass transfer
coefficient between the mobile and immobile water regions. The models based on the
concept of physical nonequilibrium are sometimes referred to as diffusive mass transfer
models as they describe the rate-limiting sorption process as a physical rather than a
chemical process (Maraqa, 1995).

Three different mathematical treatments of the solute transfer between the mobile
and immobile regions in the porous medium exist (Brusseau, 1989) i.e., (1) by using
Fick’s law (2) by use of first order mass transfer expression and (3) by using a lumped
dispersion coefficient that includes the hydrodynamic dispersion as well as axial
diffusion. Physical nonequilibrium is believed to affect the transport of both sorptive as
well as non-sorptive solutes. In most of the current transport-related nonequilibrium
models, sorption kinetics have been simulated using a formulation that assumes a
constant mass-transfer coefficient, one that is independent of pore-water velocity
(Maraqa et al., 1999).

2.4.2.2 A diffusion based interpretation of physical nonequilibrium

Two diffusive mass transfer models are the intra-particle diffusion model (Ball and
Roberts, 1991) and the intra-organic matter diffusion model. Retarded intra-particle
diffusion involves diffusion of solutes through pores contained in micro porous particles,
with retardation occurring by instantaneous sorption to the walls. Intra-organic matter
diffusion involves diffusion within the matrix of the organic carbon components of the

solid phase (Brusseau et al., 1991a).
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Diffusion of the solute from the mobile region to the immobile region takes place
in a series of steps, which include diffusion from the bulk solution to the boundary-layer,
film diffusion and intra-aggregate diffusion (any of which could be rate-limiting). Intra-
aggregate diffusion may occur either by pore diffusion or surface diffusion or both. As
these two processes act in parallel, the faster of the two will be the predominant transport
mechanism and therefore will control the transfer rate (Brusseau, 1989). Although the
dominance of surface diffusion has been found in activated carbon (Fettig and
Sontheimer, 1987), the same is not believed to hold for soil/aquifer systems due to less
tortuosity as compared to the activated carbon. The choice of the model incorporating
surface diffusion or pore diffusion is only important for nonlinear isotherms, as identical
BTCs are expected in both cases for linear isotherms (Weber and Chakravorti, 1974). The
relative importance of each of these processes is often quantified through the Biot
number, which is the ratio of the film transfer rate to the intra-aggregate transfer rate.
Generally, the intra-aggregate diffusion is considered as the rate-limiting step during
sorption (Brusseau and Rao, 1989b).

Spherical geometry is commonly applied for describing the immobile phase and is
applicable when the flow surrounds the spherical aggregates or sorbents containing
immobile water. For spherical geometries, the average aqueous concentration in the

immobile phase is described by:

a
Cim (x,0) = —33- [r?Cer.x,tydr (2-33)
a0

where a is the radius of the immobile zone, r is the radial distance from the center of the
immobile region and C is the aqueous concentration of solute within the pore at position »

,2time t and distance x.
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2.4.2.3 Sorption-related nonequilibrium

Sorption-related nonequilibrium is caused by slow solute interaction with all or
some specific sorption sites of the solid matrix. Sorption nonequilibrium models assume
that the sorption reaction is the rate-limiting process (Cameron and Klute, 1977). In a
two-site nonequilibrium model, the adsorption sites are sub-divided into two categories
i.e., equilibrium sites and rate-limited sites (Van Genuchten and Wagenet, 1989). For
steady flow in a homogeneous soil, the transport of a linearly- adsorbed solute is given

by:

K 2
(erqp d)B_C_:DE oC _ap

0 o T a2 ‘”5;‘7[(“feq)KdC-Sneq] (2-34)

6S,,eq
ot

=a[(1= fug ) KaC = Sneq | (2-35)

. .. . -1 . .
where a is the first-order kinetic rate coefficient (hr ), f,, is the fraction of exchange

sites that are always at equilibrium, the subscripts eq and neq refer to the equilibrium and
rate-limited/kinetic sorption sites respectively. Employing the dimensionless parameters,

the two-site model reduces to the following dimensionless form:

8¢ _19*¢_aG

REL = —a(G-C 2-36
PRt P oz N9~ (2:36)
1-HREL = 0(C; - Cy) (2-37)
ar
where:
S
Cl=£—, C2= neq s Z=£, T=Xt—,and R=l+p—Kd"
Co (l—feq)KdCo L L 0

P=

’

o+ K -
WL, 0+ feqPKd and o< Z0-BRL
D 9+pKd \%
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Subscripts / and 2 refer to the equilibrium sites and rate-limited sites respectively, f is

the dimensionless partitioning coefficient and @ is the dimensionless mass transfer

coefficient.

2.4.3 Comparison of equilibrium and nonequilibrium approaches

In most studies involving transport in soil columns, the focus has been to prove
either the existence of transport-related or sorption related nonequilibrium. Each of these
cases has arguments to support their respective cases. In general, the nonequilibrium
models describe the transport of reactive solutes better than the equilibrium models. This
limits the reliability of the LEA approach except for the ideal transport cases involving
conservative solutes. For example, Maraqa et al. (1999) used two non-ionic organic
compounds (NOCs) i.e., benzene and dimethylpthalate (DMP), to study the effects of
residence time and degree of water saturation on sorption nonequilibrium parameters, and
observed that nonequilibrium model simulations closely matched the experimental
results, while deviations between the equilibrium model simulations and the data points

were significant.

2.44 Comparison of physical and chemical nonequilibrium approaches

Prior to studying the effects of sorption on the BTCs of reactive contaminants
through a porous medium, the existence of the type of nonequilibrium (i.e., physical or
sorption-related) must be established. It is relatively easy to interpret the results under the
assumptions of a physical nonequilibrium but if the sorption-related nonequilibrium
exists concurrently, isolating the effects of both is not trivial.

The immobile water fractions have been mostly associated with unsaturated

conditions and aggregated media; therefore, most applications of the physical
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nonequilibrium model have been in studies involving unsaturated flow conditions or in
those utilizing aggregated media. In spite of the fact that evidences of immobile water
fraction were found in these studies, the possibility of sorptive interactions could not be
ruled out. For example Kamra et al. (2001) conducted displacement studies on the
leaching of bromide and two pesticides (atrazine and isoproturon) under unsaturated
steady flow conditions employing aggregated soils in 24 small undisturbed soil columns
(5.7 cm in diameter and 10 cm long). Each soil sample differed in soil structure and
organic carbon content. They inferred from the estimated parameters of the
nonequilibrium model that 5 —12% of water at one site, and 12% at the other site was
immobile during displacement in non-preferential flow columns. The corresponding
values for preferential flow columns of the two sites ranged between 25% to 51%
determined by curve fitting with CXTFIT and 24% to 72% by the moment method,
suggesting the role of certain mechanisms other than immobile water to be responsible
for higher degrees of nonequilibrium. Several other studies e.g., (Bouchard et al., 1988;
Brusseau et al., 1991a; Kamra et al., 2001; Lee et al., 1988; Maraqa et al., 1997; Maraqa
et al., 1998) were not conclusive in ruling out the role of sorptive interactions as a cause
of nonequilibrium. Maraqa et al. (1999) demonstrated that nonequilibrium conditions
resulted from slow sorptive interactions but not due to the slow diffusion into and out of
immobile water regions thereby confirming the presence of a sorption-related
nonequilibrium rather than a physical one. Majority of studies involving organic
contaminants have preferred the use of sorption-related nonequilibrium models. The use
of the MIM model in these studies has been limited to ruling out the possibility of

existence of the immobile water fractions.
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24.5 Multiple-process induced nonequilibrium

The inherent weakness in assuming a single process as being responsible for
nonequilibrium has also been realized which results in a lumped kinetic term for a system
being affected by more than one rate-limiting process. The effects of concurrent multiple
processes contributing towards nonequilibrium have also been investigated. The multi-
process nonequilibrium model (MPNE) (Brusseau, 1989; Brusseau, 1991) was
formulated to simulate solute transport in a porous medium where transport-related as
well as sorption-related non-idealities were operative. In the MPNE model, the authors
used a dual-porosity approach to represent physical non-ideality and a dual-domain
approach for sorption non-ideality. The four dimensionless equations for the MPNE

model are:

Ca
Vor

oC,
Ry —(57" +h)(Cp - 83)=(C;-Cp) (2-39)

Ry =2 +k2(C,-S)+o(Cy-Cy)=——a -8 (2-38)

8Sy 0. % o
Ruz 2 =kn(Cy = S,) (2-40)

*

as;

zﬁ=k2(CZ ) (2-41)

Ra
where C” is the dimensionless aqueous concentration, S” is the dimensionless sorbed-
phase concentration, R is the retardation factor, kCis the dimensionless Damkéhler
number, subscripts a and » represent the advective and non-advective domains and the
subscripts / and 2 represent the instantaneous and rate-limited sorption sites respectively.

More details on the equation formulation and description of dimensionless variables can

be found in (Hu and Brusseau, 1996). The global retardation factor R is given by:
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R=Ry +Ryy+ Ry +Ryp =1+§Kd (2-42)

(Hu and Brusseau, 1996) investigated the transport of rate-limited sorbing solutes
in a saturated, aggregated porous medium with an objective to isolate the effects of
physical non-ideality and sorption non-ideality and to study the synergistic effects of
multiple non-idealities on contaminant transport. The experimental procedures to test the
multi-process non-ideality approach involved creating three separate systems i.e., with
physical non-ideality (porous spheres), with sorption non-ideality (homogeneously
packed soil columns) and with physical and sorption non-ideality (columns packed with a
mixture of soil and porous spheres). The analysis involved independent determination of
parameters from the physical and sorption non-ideality experiments and using these in the
MPNE model in a predictive mode. The authors suggested that the MPNE model
adequately described the processes controlling the transport of rate-limited sorbing
solutes in an aggregated system. In another study, Johnson et al. (2003) used the MPNE
model to determine the relative contributions of physical heterogeneity-related processes
and nonlinear/rate-limited sorption-desorption of TCE in undisturbed cores. The authors
were able to successfully describe the breakthrough curves using MPNE model.

Application of the MPNE model requires a large number of fitting parameters.
Although, the use of the model in lab-scale studies is possible, its use under field

conditions in a real predictive sense is limited.

2.4.6 Irreversible sorption in transport models

The observations of irreversible sorption date back to the seventies, however, it has
seldom been incorporated in transport models. It is only recently that some studies have

focused on desorption-resistance in transport models. For example, Prata et al. (2003)
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conducted batch and column experiments to study the sorption-desorption behavior of
atrazine, with a focus on irreversible sorption. The results indicated that approximately
90% of atrazine desorbed in batch while in columns, desorption was only 53-65%. They
attributed this increase in non-desorbable fraction in columns to an increased contact
time, which contributed to a higher physical diffusion of atrazine in the humic
substances. Mathematically, irreversible sorption is described as a first-order process.
This approach will work only for systems in which there is no physical decay and
irreversible sorption is the only sink. In the presence of a concurrent physical
degradation/decay, the first order degradation rate coefficient will account for the lumped

effects of irreversible sorption and decay/degradation.

2.5 Statistical models

Statistical models generally employed include the temporal and spatial moments,
the exponentially modified gaussian equation (EMG), the bi-exponentially modified
gaussian equation (BEMG) and the nonlinear chromatography equation (NLC). Most
applications of statistical models have been in the field of chromatography. The first two

models, being the most widely used, are discussed in the subsequent paragraphs.

2.5.1 Temporal and spatial moments

Temporal moment analysis is a powerful method that may be utilized to evaluate
various aspects of solute transport (Brusseau, 1989). Traditionally, these have been used
in chemical engineering, soil sciences, hydrology and environmental engineering.
Statistical moments are classical functions that are used to describe the distribution of any
data set with no assumptions about their functional form (Howerton et al., 2003).

Temporal moments may be used to evaluate the impact of nonequilibrium on solute
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transport and to assess the differences between equilibrium and nonequilibrium models
(Brusseau, 1989). One limitation however is, that moments can only be used for analysis
and cannot be used in a predictive mode. A comparison of the temporal evolution of
observed moments with the derived moments helps in deciding, if an equilibrium model
is suited to describe the BTC or use of a nonequilibrium model is necessary. The
observed temporal moments are calculated based on time-concentration data. The zeroth,
first, second, third and fourth moments represent the mass, time of the center of mass,
variance or degree of spreading, skewness or degree of asymmetry and kurtosis of a
measure of degree of flatness of the peak respectively. These are defined by the following

set of equations.

Mgy = j'C(z)dt (2-43)
feca
M, = 2-44
' o (244
) I(I—Ml)” C(t)dt (245)
" fewar

where the subscripts denote the moment numbers.

Analytical solutions exist in literature for temporal and spatial moments for
advection-dispersion equation and its variations. These analytical solutions are equated to
the observed moments for estimating the parameters. Srivastava et al. (2004) presented
the analytical solutions for temporal moments for the MPNE model incorporating the
rate-limited sorption, first-order mass transfer and first-order transformation with an
objective to study the effects of rate coefficients on the observed moments. The authors
found that in the presence of transformation reactions, rate coefficients are not monotonic

functions of the temporal moments.
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The analytical solutions for the spatial moments have also been derived for a multi-
process nonequilibrium case by Srivastava et al. (2002). The authors argue that the spatial
heterogeneity of material properties can be satisfactorily accounted for by using an
increasing macro-dispersivity function however, they also suggest that these analysis can
be only used as a preliminary assessment tool for ascertaining the relative importance of
various processes under consideration. They emphasize that spatial moments are obtained
for the solute present in the solution phase and do not represent the entire solute in porous
medium. The temporal moments have more practical value in column experiments, as it
is more convenient to obtain the breakthrough curves rather than spatial solute
distribution in columns. Even if spatial distribution of solute in columns is obtained, a
limited number of data points donot offer the possibility of an analysis based on spatial
moments. The effect of number of data points on the temporal moments has been
investigated by Howerton et al. (2003). Another limitation of moment-based analysis is
that precise analytical expressions have to be derived for the specific model employed to

analyze the effect of different processes on the associated rate coefficients.

2.5.2 Statistical models used in chromatography

The most widely used equation in chromatography is the exponentially modified
gaussian equation (EMG), which is a convolution of a gaussian and an exponential

function (Howerton et al., 2003) and is of the form:

A 2 G-t t-tg o
€)= A exp| L 12~ [ of (e )+ ] (2-46)
[2 ] V2o ar
where 4 is the area, 1 is the retention time of the gaussian component, o is the standard

deviation of the gaussian component (a quantitative measure of the zone broadening
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arising from symmetrical processes such as diffusion, dispersion and mass transfer) and
7 is the standard deviation of the exponential component (parameter quantifying the zone
broadening from asymmetrical processes (Howerton and McGuffin, 2004). BEMG and
NLC are similar statistical models (not described here) used in chromatography.
Howerton and McGuffin (2004) used these three statistical models to study the
thermodynamic and kinetic behavior of a series of four-ringed PAHs with varying
degrees of annelation and found that neither NLC nor BEMG provided a better

description of zone profiles than EMG.

2.6 Focus of studies in contaminant transport

Numerous studies have been conducted involving nonequilibrium contaminant
transport, which focused on different aspects. These aspects include but are not limited to
retardation, dispersion, effects of nonlinear sorption, and mass transfer. A brief review of

each of these aspects is presented in the following paragraphs.

2.6.1 Retardation

The retardation coefficient R represents the average speed of contaminant in the
porous medium relative to that of aqueous phase. For a conservative tracer, values of R
less than unity indicate the existence of transport-related nonequilibrium between the
mobile and immobile water regions (Nkedikizza et al., 1983). Controversies do exist
regarding the appropriateness of determining R in batch or column experiments. R can be

calculated with knowledge of K; obtained through batch isotherms. Methods to calculate
R using column data include: (1) the number of pore volumes eluted when C/Cy= 0.5 (2)

the area between the elution curve and the step input curve (Nkedikizza et al., 1987) (3)

the first moment of the BTC for a pulse type input (Valocchi, 1985) and (4) by curve-
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fitting the equilibrium model to the observed BTC. Retardation coefficients computed by
the above four methods will be identical for symmetric BTCs. For asymmetric BTCs,
determination of R by the first method may be inappropriate (Nkedikizza et al., 1987).
The second method cannot be used, if the applied boundary conditions did not permit the
relative effluent concentration to reach unity. In column experiments, slow desorption
rates compared with sorption result in a pronounced tailing in the BTCs. For pulse-type
input, the column experiment is terminated when the quantification limit of the target
compound is reached. In such a case, the BTCs may lack much of the tail data, although
most of the solute has actually been recovered. Sorption parameters estimated by inverse
modeling of column data are therefore subject not only to random errors but also to errors
caused by the necessity to use a truncated data set.

Maraqa et al. (1998) utilized batch and column techniques to determine R for
benzene and dimethylpthalate (DMP) and found that R values calculated using the batch
data were consistently overestimated for the two compounds. Although, the author
successfully ruled out previously reported causes of this discrepancy (i.e., sorption non-
singularity, sorption nonequilibrium, presence of immobile water regions in the column,
reduction in particle spacing in the columns) it still remained unclear, why the values of R
determined by these two techniques were different. Altfelder et al. (2001) also used DMP
to examine the compatibility of batch and column techniques for determining R. They
estimated the sorption parameters by fitting a linear and a nonlinear model to 3-day and
14-day isotherms. The authors conclude that a major part of the apparent difference could
be related to the analytical difficulties in determining the extensive tailing of the observed

BTCs and recommend that batch technique is preferred over columns for determining the
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retardation coefficients. Kamra et al. (2001) analyzed the BTCs of bromide under
unsaturated steady state conditions in undisturbed soil columns using the equilibrium and
the MIM model. They compared R values estimated using these models with those
estimated by temporal moment analysis and concluded that the values of R did not differ
significantly for the equilibrium model. They also report that the BTCs were better
reproduced by the curve fitting than by moment method. In their case, although the
moment method failed to capture the peak concentrations, it described the tail of BTCs
better than the curve fitting approach. Nevertheless, for an ideal tracer like Tritium, the

batch equilibration may not be sensitive enough to measure small values of K; (Van

Genuchten and Wierenga, 1976). For such a case, the column technique still remains
preferable over the batch experiments.

To further explore the reasons for differences between the values of sorption
distribution coefficient determined by batch and column techniques, Maraqa (2001)
employed a circulation-through column in addition to the batch and miscible
displacement experiments. The author used dimethylpthalate (DMP), diethylphathalate
(DEP) and dipropylylphathalate (DPP) as contaminants and two natural soil samples with

0.36 % and 1.48 % organic carbon. Their K; values determined from batch were higher
than the column K ; values but were comparable with those determined by circulation-

through columns. The author attributed the discrepancy between the batch and miscible
displacement technique to a leftward shift of the BTCs after ruling out some of the
factors originally viewed as a cause for this deviation; however, the identification of the

exact cause still remained obscure.
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R has also been found in some cases to be velocity-dependent, which may indicate
the presence of an additional physical or chemical process currently not included in the
nonequilibrium models, but becomes apparent only at relatively large spatial or time
scales. Dependence of R on the flow rate is generally regarded as an indication of
sorption-related nonequilibrium (Brusseau and Reid, 1991), in which case, R determined
with the equilibrium model may not provide a good measure of actual retardation

(Maraqa et al., 1999).

2.6.2 Dispersion

Hydrodynamic dispersion coefficient (D) is the sum of mechanical dispersion (Dj)

and effective diffusion coefficient(D,).

D=Dy+D, (2-47)
Dy = A" (2-48)
D,=D,r, (2-49)

where 7, is the tortuosity factor, 4 is the dispersivity and # is an empirical constant whose

value typically ranges between 1 and 1.2 (Freeze and Cherry, 1979). The tortuosity factor
is assumed to account for the shape and length of the molecular path and depends on
water content but not on velocity (Nielsen et al., 1986). The significance of molecular

diffusion can be assessed with particle Peclet number i.e., P = vd / D, where d is the mean

soil particle diameter. At higher P, the dispersion coefficient exhibits a linear increase
with pore water velocity for non-aggregated sands or glass beads (Bear, 1972).
Mechanical dispersion occurs, because water flow varies in magnitude and direction in
soil pores as a result of meandering through the complex pore structure (Perfect et al.,

2002). Mechanical dispersion is primarily caused by two mechanisms, i.e., kinematic and

32



dynamic (Sahimi et al., 1983). The kinematic mechanism results from variation in length
of the streamlines that traverse the length of the column while, the dynamic mechanism
results from a variation in the speed of the fluid movement from one streamline to the
next. Longitudinal spreading of solute in a porous medium may also be caused by the
existence of nonequilibrium processes. This spreading should not be incorporated into the
dispersion coefficient if it is to be referred to as hydrodynamic dispersion coefficient

(Maragqa et al., 1997).

2.6.3 Mass transfer

Dependence of mass-transfer coefficient on pore-water velocity has already been
reported in the literature by many investigators e.g., (Brusseau, 1992; Brusseau and Reid,
1991; Van Genuchten et al., 1977). Maraqa et al. (1999) report that, (1) sorption
nonequilibrium appeared to be of a diffusive nature rather than due to a slow chemical
reaction, (2) mass-transfer coefficients varied proportionally with pore-water velocity and
(3) variations in the degree of water saturation had no impact on the value of the sorption
mass-transfer coefficient other than what would be expected due to changes in the
residence time. A strong correlation between the mass-transfer coefficient and residence
time (LR/v) is also viewed to exist and may continue to decrease in a consistent way at
large residence <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>